Abstract: Wheat end product quality is determined by a complex group of traits including dough viscoelastic characteristics and bread-making properties. Quantitative trait loci (QTL) mapping and analysis were conducted for endosperm texture, dough-mixing strength, and bread-making properties in a population of 139 (MN99394 × MN98550) recombinant inbred lines that were evaluated at three environments in 2006. Based on the genetic map of 534 loci, six QTL were identified for endosperm texture, with the main QTL on chromosomes 1A (R 2 = 6.6%-17.3%), 5A (R 2 = 6.1%-17.1%), and 5D (R 2 = 15.8%-22%). Thirty-four QTL were identified for eight dough-mixing strength and bread-making properties. Major QTL clusters were associated with the low-molecular weight glutenin gene Glu-A3, the two high-molecular weight glutenin genes Glu-B1 and Glu-D1, and two regions on chromosome 6D. Alleles at these QTL clusters have previously been proven useful for wheat quality, except one of the QTL clusters on chromosome 6D. A QTL cluster on chromosome 6D is one of the novel chromosome regions influencing dough-mixing strength and bread-making properties. The QTL for endosperm texture on chromosomes 1A, 5A, and 5B also influenced flour ash content (12.4%-23.3%), flour protein content (10.5%-12.5%), and flour colour (7.7%-13.5%), respectively.
Introduction
Wheat (Triticum aestivum L.) is classified and traded as hard or soft based on the endosperm hardness or texture, and each market class has different inherent functional properties for milling and end use quality (Pomeranz and Williams 1990; Morris and Rose 1996; Morris 2002) . Hard wheat, compared with soft wheat, requires more energy to mill and a greater number of starch granules are damaged. Flour with damaged starch granules absorb more water dur-ing mixing and baking altering the bread-making properties of the flour, which results in increased loaf volume (Mok and Dick 1991) . Hence, hard wheat is generally preferred for bread making, whereas soft wheat is used for cookies and pastries (see a review by Morris and Rose 1996) . Breeding efforts for soft and hard wheat market classes have contrasting objectives on endosperm texture, dough-mixing strength, and baking properties.
In breeding programs, full-scale end use quality evaluation is not routinely performed until late in the selection process because of the time, resources, and large quantities of grain required to perform several quality trait analyses. Because large population size and a large number of replicated trials are needed to perform quality analyses, complete milling and baking tests are only performed on advanced breeding lines to predict varietal performance. To address these challenges, several research groups have used wheat germplasm covering different market classes to identify quantitative trait loci (QTL) and genes influencing specific end use quality traits, for example, endosperm texture (Sourdille et al. 1996; Campbell et al. 2001; Galande et al. 2001; Igrejas et al. 2002; Turner et al. 2004; Mann et al. 2009; Zhang et al. 2009 ), grain or flour protein content (Prasad et al. 1999; Campbell et al. 2001; Zanetti et al. 2001; Groos et al. 2003; Sourdille et al. 2003; Turner et al. 2004; McCartney et al. 2006; Sun et al. 2008; Mann et al. 2009 ), dough rheological properties (Campbell et al. 2001; Zanetti et al. 2001; McCartney et al. 2006; Elangovan et al. 2008; Li et al. 2009; Mann et al. 2009; Raman et al. 2009; Zhang et al. 2009; Zhao et al. 2009) , and water absorption (Campbell et al. 2001; McCartney et al. 2006; Ma et al. 2007; Li et al. 2009; Mann et al. 2009; Raman et al. 2009 ).
Several studies that identified puroindoline genes (Pina and Pinb) at the main hardness (Ha) locus on chromosome 5D (Campbell et al. 2001; Igrejas et al. 2002) have concluded that this locus alone does not explain all the variation in endosperm hardness involving soft and hard wheat market classes. In hard wheat, Martin et al. (2001) showed that the Ha locus alone accounted for 26% of the total variation in hardness. Variation in endosperm texture among hard wheats has been shown to be associated with milling and bread quality traits (Slaughter et al. 1992) and that increased hardness is most desirable. Baker and Sutherland (1991) and Giroux et al. (2000) reported significant genetic variation for endosperm texture in hard wheat. Identification of additional genes and QTL influencing endosperm texture among hard wheat will be beneficial in breeding programs.
The endosperm storage proteins are excellent predictors of wheat gluten performance. Variations in the molecular weight distribution of wheat endosperm proteins have been significantly associated with the elasticity and extensibility of the dough and the quality of final products of different market classes of wheat (Gupta et al. 1993; Bangur et al. 1997; Huebner et al. 1997; Kuktaite et al. 2004; Békés et al. 2006) . Owing to the size and structural complexity of the polymers, the most studied are high-molecular-weight (HMW) and low-molecular-weight (LMW) glutenins (Southan and MacRitchie 1999) encoded by the Glu-1 and Glu-3 loci, respectively (Payne 1987) . The Glu-1 and Glu-3 glutenin subunits are present on the long and short arms of the group 1 homoeologous chromosomes, respectively, and their allelic forms are well characterized (Huebner and Wall 1976; Payne and Lawrence 1983; Metakovsky 1991) . The DNA sequences of these genes and their allelic forms are available at the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).
In this paper, we report chromosome regions influencing endosperm texture, dough-mixing strength, and bread-making properties in hard red spring wheat breeding lines adapted to the Upper Midwest region of the USA.
Materials and methods

Mapping population
A recombinant inbred line (RIL) population of 139 lines was developed from a cross between the two hard red spring wheat lines MN98550 and MN99394 (Tsilo et al. 2010a) . Briefly, the RIL population was developed by single seed descent to the F 6 generation, which was followed by two generations of seed increase. Both parents, MN99394 (SD3236/ SBF0402) and MN98550 ('BacUp'/'McVey'), are breeding lines developed at the University of Minnesota. Wheat lines containing the 'd' allele, the combination of Dx5 + Dy10, at the Glu-D1 locus are known to have stronger dough and better bread making quality than wheat lines with the 'a' allele (e.g., Dx2 + Dy12) (Payne et al. 1981; Popineau et al. 1994; Zhang et al. 2009 ). MN98550 carries HMW glutenin subunits or alleles of Ax-null, Bx7 + By8, and Dx5 + Dy10 at the Glu-A1, Glu-B1, and Glu-D1 loci, respectively, whereas MN99394 carries Ax2* and Dx2+Dy12. MN98550 has excellent quality with good dough-mixing strength and high farinograph water absorption comparable with MN99394. Both parental lines carry a null allele at the Pina locus (Pina-D1b) and a wild-type allele at the Pinb locus (PinbD1a). A full-length Pinb sequence was obtained by sequencing both strands using primers described by Gautier et al. (1994) . A genetic linkage map was produced using 531 SSR and DArT marker loci covering all 21 wheat chromosomes (Tsilo et al. 2010b ). The HMW glutenin loci Glu-A1 and Glu-D1 were included in the map based on the markers umn19 and umn26 that were developed by Liu et al. (2008) . The parents also differed for the stem rust resistance gene (Sr6) and consequently this gene was included in the map on the same genomic region as reported by Tsilo et al. (2009) .
Field trials and quality analysis
The 139 RILs, their parents, and three check cultivars ('Alsen', 'Verde', and 'Oklee') were grown at three Minnesota locations, St. Paul, Morris, and Crookston, during the 2006 growing season. Plants were treated with fungicides to reduce damage from fungal pathogens. Experimental lines were grown as yield trials of 2.6 m 2 per plot with seven rows. At each location, lines were laid out in a randomized complete block design with two replicates per RIL and eight replicates per check. All the growing environments were nonirrigated field trials. At maturity, grain was harvested mechanically and stored until needed.
Two replicates were pooled equally to create a 700 g composite grain sample per line in each location. Seed was thoroughly cleaned and all shriveled kernels and nonwheat materials were removed before quality evaluations. Endosperm texture was evaluated using the single kernel charac-terization system (SKCS) (SKCS 4100, Perten Instruments, Springfield, Illinois) according to AACC approved method 55-31.01 (AACC 2000) . Grain samples were conditioned to 16.5% moisture content and milled using Quadrumat Senior Break and Reduction grinding heads (C.W. Brabender Instrument Inc., South Hackensack, New Jersey). Mixograph and bread-baking parameters were evaluated on these samples (Tsilo et al. 2010a ). Briefly, dough-mixing strength properties were determined using a computer-based 35 g mixograph according to AACC approved method 54-40A (AACC 2000) . Information on the mixograph was based on the peak height and bandwidth: midline peak time (MPT) (min), midline peak value (MPV) (%), midline peak width (MPW) (%), and midline peak integral (MPI) (% torque x min). Midline peak integral represented the area under the midline from start to peak time (or the mean work input required to reach peak development time, as a function of mixing time and applied torque). Mixograph pattern (MIXOPA) was a mixograph assigned numeric value based on a scale of 0-9 (0, weakest; 9, strongest). Bake water absorption (BWA) (%) was adjusted according to the mixograph peak height. Bread baking was performed using 25 g flour samples and a straight dough method according to AACC approved method 10-10B (AACC 2000). Bake-mixing time (BMT) was the time required to fully develop dough for baking. Bread loaf volume (BLV) was measured by rapeseed displacement. Bread crumb colour (BCC), bread crumb grain (BCG), and bread crumb texture (BCT) were evaluated by a baking expert who assigned a score ranging from 0 (poor) to 6 (excellent).
Statistical analyses
Analysis of variance for all quality properties was performed using the GLM procedure of the SAS statistical software package version 9.1 (SAS Institute Inc. Cary, North Carolina), assuming all factors as random. Because samples were bulked over replications within environments, the main effects of genotype and environment were tested for significance using the genotype × environment mean square as an error term. The genotype × environment interaction was tested for significance using the error mean square estimated from the check genotypes that were replicated within the environments, as described in an augmented design by Federer (1961) . The results of ANOVA were used to obtain the broad-sense heritability estimates (h where MS g and MS ge represent the genotype and genotype × environment mean squares, respectively, s 2 g is the genotypic variance = (MS g -MS ge )/re, s 2 ge is the genotype × environment interaction variance = (MS ge -MS e )/r, s 2 e is the error variance = MS e , r is the number of replications, and e is the number of environments. The phenotypic distributions of traits based on the mean of three environments were tested for normality using the Shapiro-Wilk statistic (Shapiro and Wilk 1965) .
QTL associated with each of the quality traits were analyzed using composite-interval mapping (CIM) in QTL Cartographer V2.5 (Wang et al. 2005) . CIM was run by SrMapQtl and ZMapQtl with a 10 cM window size and 2 cM walk speed. QTL were declared when the LOD score was ≥ 2.5 in at least two environments or based on the mean of three environments. For each trait, the total phenotypic variation explained by all the QTL was estimated using multiple regression analysis in SAS. The QTL were named following the nomenclature described in the Catalogue of gene symbols for wheat (McIntosh et al. 2008) . Table 1 shows the means, ranges, standard deviations, and normality tests for endosperm texture, dough-mixing strength, and bread-making properties together with the mean values for MN99394 and MN98550. For example, endosperm texture of the parents did not differ in all environments; however, the population showed transgressive segregation with a mean of 72.9 and a standard deviation of 5.4 with a minimum of 59.5 and a maximum of 84.6 for samples averaged across three environments. Transgressive segregation was observed for dough-mixing strength and bread-making properties including those for which parental values were similar ( Table 1 ), indicating that alleles with positive effects were contributed from both parents. Genotype and environment effects were highly significant (P ≤ 0.001) on all quality properties (Table 2 ). In this sample set, the genotype × environment interaction was not significant in many quality properties with the exception of MPT and MPI (Table 2 ). Heritability estimates were high for endosperm texture, mixograph properties, and bread-making properties with the exception of crumb properties. Crumb properties showed high error mean squares (Table 2) , which were estimated based on replicated checks. Because of low heritability estimates, all crumb properties were excluded for QTL mapping and analyses.
Results
Phenotypic variation
Correlations among dough-mixing strength and bread-making properties are summarized in Table 3 . Mixograph pattern, a function of all mixograph parameters, showed significantly positive correlations with all mixograph parameters. Strong correlations were observed among mixing time parameters (MPT, MPI, and BMT) (r ≥ 0.93 at P ≤ 0.001) and among MPV, MPW, and BWA (r ≥ 0.72 at P ≤ 0.001), indicating that those parameters share some genes in common. Bread loaf volume was moderately correlated with MIXOPA, MPV, and MPW and less correlated with MPT, MPI, and BMT. Although endosperm texture was not significantly correlated with BLV, it showed low correlation with BWA. Bread crumb grain was only correlated with BLV (P ≤ 0.01), whereas crumb colour and texture were less correlated with several properties.
QTL analysis for endosperm texture
Six QTL influenced endosperm texture (Table 4 ; Fig. 1 ). Five of the six QTL were detected in more than one environment or based on the mean values of three environments. Based on the multiple regression analysis, together all the five QTL explained 61.2% of the total phenotypic variation in endosperm texture (see Supplementary data, 1 Table S1 ).
Each of the QTL on chromosomes 1A and 5A explained up to 17% of the phenotypic variation in endosperm texture and were detected in all environments (Table 4 ). The QTL QSkhard.mna-5D explained 15.8%-22% of the total variation in endosperm texture and was also detected in all environments. This 5D QTL is located near the puroindoline genes; however, both PCR amplifications and sequencing results showed that the parents and RILs were monomorphic for puroindoline genes, as mentioned in the Materials and methods. One of the two QTL on chromosome 5A explained up to 8.9% of the variation in endosperm texture. Although this QTL was not consistent across environments, it was also detected based on the mean of three environments. Two QTL on chromosomes 2A (R 2 = 4.2%-6.8%) and 5B (R 2 = 6.4%-8.4%) were detected in at least two of the three environments (Table 4) .
QTL analysis for dough-mixing strength and breadmaking properties QTL analysis identified 34 QTL over nine wheat chromosomes controlling eight dough-mixing strength and breadmaking properties (Table 4 ; Fig. 1 ). The two major QTL clusters on chromosomes 1B and 1D influenced all five mixograph properties, BMT, and BLV, whereas BWA was Note: *, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05.
Error mean squares were estimated from the check genotypes that were replicated within environments, as described in an augmented design by Federer (1961) .
c Broad-sense heritability on an entry-mean basis. Note: *, **, and *** indicate a significance at P < 0.05, 0.01, and 0.001, respectively; ns indicates not significant at P < 0.05.
a
The phenotypic distributions based on the mean of three environments were tested for normality using the Shapiro-Wilk statistic (Shapiro and Wilk 1965) with the null hypothesis stating that the distribution is normal.
mainly influenced by a QTL cluster on chromosome 1B. A third QTL cluster was identified in the Xgdm132-Xcfd13c interval on the linkage group 6D.1 of chromosome 6D that influenced MIXOPA, MPT, MPI, and BMT. A QTL cluster on the linkage group 1A.1 of chromosome 1A influenced MPV and MPW. A flour protein QTL on linkage group 6D.3 of chromosome 6D also influenced MPV, MPW, and BLV. QTL on chromosomes 2D (R 2 = 9.2%-12%) and 5D (R 2 = 9.6%) influenced BLV and BWA, respectively. The multiple regression analysis of all the QTL for dough-mixing properties showed that the QTL detected explained between 50% and 70% of the phenotypic variation in these properties (Table S1). For bread-making properties, all QTL in the multiple regression model explained between 20% and 50% of the total phenotypic variation (Table S1 ). The regression coefficient associated with each significant marker for QTL was also provided.
Discussion
Phenotypic variation and correlations among quality traits
The mapping population used in this experiment segregated for several end-use quality traits. As previously reported, these quality traits were influenced by genotype and environment, and to some extent by an interaction of genotype × environment (Busch et al. 1969; McGuire and McNeal 1974; Lukow and McVetty 1991; Peterson et al. 1992) . Endosperm texture showed high correlations (0.78-0.79) between environments. Similar correlations of 0.72-0.79 were reported by Zanetti et al. (2001) in a population derived from wheat and spelt and by Crepieux et al. (2005) in a population of 30 F 6 lines that were identical by descent. In our study, heritability values ranged from 0.60 to 0.98 for grain quality properties (excluding bread crumb properties), indicating that selection for these traits would be very effective. Campbell et al. (2001) reported low heritability estimates (0.42) for BCG. In this study, we also obtained low heritability estimates (0.11-0.41) for bread crumb properties and, as such, these properties were not included for further analysis.
QTL analysis for endosperm texture
We detected six QTL on chromosomes 1A, 2A, 5A, 5B, and 5D. Previous studies have found that endosperm texture was mainly controlled by a single major hardness gene on chromosome 5D, with alleles Ha for soft and ha for hard, which distinguishes soft from hard wheat classes (Symes 1965) . Two tightly linked puroindoline genes (Pina and Pinb) function as the Ha locus (Mattern et al. 1973; Law et al. 1978; Sourdille et al. 1996; Morris 1997, 1998) . Results have shown that the dominant or wild-type forms of Pina (-D1a allele) and Pinb (-D1a allele) genes are only present in soft wheat (Symes 1965; Baker 1977; Law et al. 1978; Giroux and Morris 1998; Morris et al. 2001; Morris 2002) , whereas recessive mutations in these genes, such as a null mutation in Pina (-D1b allele) or a point mutation in Pinb (-D1b allele), are present in hard wheat Morris 1997, 1998; Morris et al. 2001; Morris 2002; Pan et al. 2004; Lillemo et al. 2006 ). Both parental lines in the present study are hard-wheat-breeding lines carrying a null Table 3 . Chromosome regions where QTL were detected. A chromosome with a decimal number indicates a linkage group where QTL was detected. c The QTL were named following the nomenclature described in the Catalogue of gene symbols for wheat (McIntosh et al. 2008) . Percent phenotypic variation (R 2 × 100) explained for by each of the QTL. e The additive (add) allele effects for the QTL. Positive additive allele effects indicate that the QTL alleles were contributed by MN99394 and negative additive allele effects indicate that the QTL alleles were contributed by MN98550. Fig. 1 . Partial chromosome regions depicting quantitative trait loci associated with endosperm texture, dough-mixing strength, and bread-making properties. Each QTL is designated by the abbreviation of the trait. The approximate QTL location for each trait is based on the mean of three environments or one of the two environments and is indicated by the intersection of a vertical bar (the LOD scores above 2.5) and horizontal bar (the maximum LOD score: its magnitude is indicated by the thickness of the bar). Detailed information for each QTL is given in Table 4 . Separate linkage groups within a partial chromosome are indicated by discontinuous genetic distance. The full chromosomes are presented in Supplementary Fig. 1 of Tsilo et al. (2010b) . Distances are determined based on Haldane mapping function and are given on the left. mutation in Pina (-D1b allele), consistent with previous reports as mentioned above. However, the sequenced information showed that both parents and RILs carry the wild-type allele of Pinb (-D1a allele), implying that the observed QTL could be due to additional genes at the hardness locus. Although studies of transgenic and nontransgenic lines with either Pina or Pinb have confirmed the role of the Ha locus on endosperm texture (Lillemo and Ringlund 2002; Igrejas et al. 2002; Wanjugi et al. 2007 ), puroindolines alone do not explain all the variation in endosperm texture (Campbell et al. 2001; Martin et al. 2001; Igrejas et al. 2002; Crepieux et al. 2005) . Besides the Ha locus, other minor genes also contribute to variation in endosperm texture (Symes 1965; Baker 1977; Anjum and Walker 1991) . In our study, the hardness QTL on chromosome 5D explained up to 22% of the variation in endosperm texture. Similar results were obtained by Martin et al. (2001) who showed that the Ha locus alone accounted for 26% of the total variation in endosperm texture in a population derived from hard wheat. In our study, five of the six QTL explained 61.2% of the total variation in endosperm when combined, meaning that these QTL alleles could be targeted for selection to increase the hardness of endosperm texture. Two of the QTL, QSkhard.man-1A and QSkhard.mna-5A.2, were consistently detected across environments and each explained up to 17% of the variation in endosperm texture. The 1A QTL also influenced flour ash content (12.4%-23.3%), while the 5A QTL influenced flour protein content (10.5%-12.5%) (Tsilo et al. 2011) . Studies are in progress to determine the effects of these chromosome regions under different genetic backgrounds of breeding germplasm.
Other researchers identified QTL for endosperm texture on chromosomes 6B (Galande et al. 2001 ) and 1B (Turner et al. 2004) . Although Turner et al. (2004) did not declare a QTL on chromosome 5A, they observed a consistent effect at the marker Xpsr133 near Xgwm293. In our study, we identified a QTL (QSkhard.mna-5A.1) that was inconsistently detected across environments, in the same region of chromosome 5A as Turner et al. (2004) . In our study, the minor QTL for endosperm texture located in the Xgwm339-Xbarc311 interval on chromosome 2A coincided with the QTL for kernel weight, size, and grain yield (McCartney et al. 2005; Tsilo et al. 2010b) . In addition to the 5D QTL, Crepieux et al. (2005) identified a QTL on chromosome 1D near Glu-D1; however, the authors concluded that other QTL alleles could still be segregating on the rest of the genome because of high polygenic inheritance of endosperm texture observed in their study. In our study, Glu-D1 was not detected as a QTL for endosperm texture.
QTL analysis for dough-mixing strength and breadmaking properties
Two major QTL clusters on chromosomes 1B and 1D that influenced five dough-mixing strength and some breadmaking properties were mapped at the HMW glutenin Glu-B1 and Glu-D1 loci, which is consistent with previous research (Campbell et al. 2001; Zanetti et al. 2001; McCartney et al. 2006; Elangovan et al. 2008; Raman et al. 2009; Zhang et al. 2009; Zhao et al. 2009 ). Based on the consensus map of Somers et al. (2004) , the Glu-B1 locus was located 3 cM from the marker Xcfd48. In our study, Xcfd48 mapped within the Xbarc181-XwPt5485 marker interval and the QTL explained up to 38% of the variation in dough-mixing strength and bread-making properties. We also found that the Glu-D1-derived umn26 marker (Liu et al. 2008 ) had consistent effects (up to 50% of the total phenotypic variation) on MPT, MPI, and BMT, whereas a QTL cluster on chromosome 6D had a minor effect on these properties. The QTL results on MPT, MPI, and BMT are consistent with the strong positive correlations (0.93-0.99) observed between pairs of these properties.
Midline peak value and MPW were mainly influenced by the Glu-B1 locus, explaining up to 32% of the total phenotypic variation. Other QTL that influenced both MPV and MPW were on chromosomes 1A and 6D. The gliadins (Gli-A1) and HMW (Glu-A1) and LMW (Glu-A3) glutenin loci are present on chromosome 1A (Brown and Flavell 1981; Payne 1987) ; however, the 1A QTL detected in our study was mapped in a different location and explained up to 11% and 16% of the total variation in MPV and MPW, respectively (Table 4 ; Fig. 1 ). Payne et al. (1982) and Nelson et al. (2006) reported the storage protein locus on the short arm of chromosome 6D; however, in our study, the 6D QTL mapped near the markers Xcfd5, Xcfd45, and Xwmc773 at the distal region of the long arm of chromosome 6D. This QTL region explained up to 15% and 12% of the total variation in MPV and MPW, respectively. The same QTL region influenced grain or flour protein content in this material (Tsilo et al. 2011) . For the 1A and 6D QTL regions, studies are in progress to determine the effects of these chromosome regions on dough-mixing strength under different genetic backgrounds of breeding germplasm.
For BLV, in addition to Glu-B1 (R 2 = 8.7%-15.1%) and Glu-D1 (R 2 = 6.6%), we detected two other novel QTL on chromosomes 2D (R 2 = 9.2%-12.0%) and 6D (R 2 = 10.9%-13.5%). The 6D QTL is the same region that influenced MPV and MPW, as discussed above. Several groups also identified QTL for BLV. Campbell et al. (2001) identified QTL on chromosomes 2B, 5D, and 7A. McCartney et al. (2006) identified QTL on chromosome 4D. Elangovan et al. (2008) conducted intensive BLV QTL studies in six environments and identified QTL on chromosomes 1B, 1D, 2A, 3A, 5B, 5D, 6B, and 6D. The 6D QTL detected in our study was located on the long arm of chromosome 6D, a different position from the QTL clusters identified by Elangovan et al. (2008) on the short arm of chromosome 6D. The 6D QTL on the short arm of chromosome 6D is the storage protein locus reported by Payne et al. (1982) and Nelson et al. (2006) . Also, the 6D QTL identified in this study on the long arm of chromosome 6D is on the same region as the QTL for grain or flour protein content (Tsilo et al. 2011) . Taken together, all the QTL results, including previous reports mentioned in this section, imply that there is a genetic relationship between loaf volume and protein quality and quantity.
Bake water absorption obtained in this study was adjusted according to the mixograph peak height. We identified three QTL for BWA on chromosomes 1A, 1B, and 5D for Glu-A3, Glu-B1, and Ha, respectively. Although these previously reported QTL were not consistently detected across environments, the results are consistent with the reports that flour water absorption is a function of protein content, starch dam-age, pentosans, and gluten strength (Evers and Stevens 1985; Shogren et al. 1988; Mok and Dick 1991) . Campbell et al. (2001) also identified a BWA QTL at the Ha locus on chromosome 5D and a starch damage QTL on the short arm of chromosome 4D. McCartney et al. (2006) identified a farinograph water absorption QTL on chromosomes 2B, 4D, 6B, and 7D. Optimum water absorption is mostly obtained from farinograph according to AACC approved method 54-21 (AACC 2000) , and studies are in progress to obtain optimum water absorption on this sample set. Based on our preliminary results, one-environment farinograph water absorption QTL were identified on chromosomes 1A, 1B, 4D, 5A, and 7D. The 5A QTL we identified in our preliminary results was located in the same region as the QTL reported by Ma et al. (2007) . Although there is a need for extensive studies to determine the genetic basis of farinograph water absorption in different genetic backgrounds, phenotyping for this trait is time consuming.
QTL for crumb properties were not consistently detectable across environments, partly because of a high error variance. The detection of QTL depends largely on precise phenotypic assessments of the trait. In this study, the method used to assign crumb scores is prone to a high error variance. For this reason, bread crumb properties, such as crumb grain, texture, and colour would need more accurate and objective measurements, perhaps using image analyzers.
Taking together all the QTL results presented in this study, the MN99394 parental line contributed the most desirable alleles for Glu-B1 and alleles of 6D on the linkage group of 6D.1. For MN98550, the most desirable alleles are provided by Glu-A3, Glu-D1, alleles of 6D on the linkage group of 6D.3, and the 2D alleles. The Glu-B1 QTL within the interval of Xbarc181-XwPt5485 on chromosome 1B affected most quality properties and was closely linked to the Fpc and grain yield QTL that were located within the interval of Xwmc419-Xbarc181. McCartney et al. (2006) also reported similar results that a Fpc QTL and Glu-B1 were linked but not within the same interval, meaning that this region harbors very important genes that influence quality properties. The novel alleles for endosperm texture at the QSkhard.mna-1A and QSkhard.mna-5A.2 loci were contributed by MN99394 and MN98550, respectively. The novel alleles at the QSkhard.mna-5D were contributed by MN99394. The two parental lines used in this study originated from cultivars, and the genetic information generated in this study reveals some of the QTL present in the adapted germplasm. Few RILs originating from this study were selected and used as parents in the breeding program. We hope that the QTL identified in this study will be useful in accumulating beneficial alleles through marker-assisted selection: thereby facilitating the development of high quality wheat cultivars. Also, the new breeding populations that were developed from the selected RILs would be a good source for validating the effects of new QTL that were identified in the present study.
